on T2-weighted (T2W) and FLAIR (fluid attenuated inversion recovery) images and dark on T1-weighted (T1W) images referred to as "gray" or "black holes" that are believed to represent the loss of underlying tissue, especially axons. 4 New approaches, such as phase-sensitive inversion-recovery (PSIR), 5 target MS lesions in gray matter (GM). A limitation of these images is that although they can be used to detect MS lesions, they cannot be used to quantify the severity of tissue destruction. Indeed, if T2W or T1W images indicate that two MS lesions have identical volumes, this does not mean that the two lesions have the same underlying pathology. In addition, neither normal-appearing WM (NAWM), which is often abnormal histologically, nor normal-appearing GM (NAGM) can be identified on T2W or T1W images of MS subjects. 6 In addition to brain pathology, over 90% of MS patients develop spinal-cord lesions, and these cord lesions can greatly impact neurologic disability. 7, 8 Because of this, new approaches utilizing quantitative maps of T2 and T1 relaxation time constants, magnetization transfer ratio (MTR), and diffusion have been proposed [9] [10] [11] [12] [13] in addition to standard subjective T2W and T1W images. However, for reasons such as long imaging times, low resolution and low signal-to-noise ratio (SNR), these are not commonly used for MS in clinical practice. Hence, fast, quantitative noninvasive imaging methods that reflect the severity of MS pathology, both in lesions and normalappearing tissue, are needed for prognostication and to monitor patients. 2, 14 Our approach to this problem is based on quantitative measurements of the transverse relaxation properties of the gradient recalled echo (GRE) MRI signal. This quantitative GRE (qGRE) approach, 15 an advanced version of previously developed gradient echo plural contrast imaging (GEPCI) technique, 16 allows estimation of tissue damage in MS lesions and normal-appearing WM and GM. An innovative qGRE method of data analysis 15 allows separation of tissue-cellularspecific (R2t* relaxation rate constant) from blood oxygen level-dependent (BOLD) 17 contributions to the total GRE MRI signal decay rate constant (R2*). Since the BOLD effect causes variations in MRI signal that occur with physiological state-dependent changes in blood flow and/or oxygen consumption, the R2t* values more specifically reflect the tissuecellular component of R2*. The tissue-cellular-specific (R2t*) MRI relaxation parameter depends on the environment of water molecules (the main source of MRI signal): higher concentrations of proteins, lipids, and other constituents of biological tissue and cellular constituents (sources of MRI signal relaxation) leading to higher relaxation rate constants.
The qGRE method that we use also includes acquisition and postprocessing approaches that minimize adverse artifacts related to macroscopic magnetic field inhomogeneities 18 and physiological fluctuations. 19 From these perspectives, the transverse relaxation rate constant R2t* of the GRE signal is a close relative of the transverse relaxation rate R2 of the spin echo signal, but the qGRE approach allows much faster imaging with higher resolution and SNR. Prior studies in autopsied MS CNS tissue demonstrated statistically significant correlations between T2 (1/R2) relaxation time constants and MS pathology both for the spinal cord 20 and brain. 21, 22 Due to the similarity between R2 and R2t*, we can conclude that R2t* measurements can serve as a pathological correlate of tissue damage in MS. Besides, measurements in autopsied samples also confirmed the correlation with MS-related tissue damage in GM. 23 In this study we evaluated the novel MRI biomarker R2t* for quantitative detection of normal-appearing tissue damage in MS patients. We also investigated correlations between loss of tissue quality in different regions of the CNS that could suggest the topographic signatures of tissue damage in MS patients.
Materials and Methods

Subjects
Forty-four MS patients with relapsing remitting (RRMS, n = 15), secondary progressive (SPMS, n = 16), and primary progressive (PPMS, n = 13) MS clinical courses and 19 healthy control (HC) subjects were enrolled, after providing informed consent. HC were recruited to reflect the gender and age distribution of the MS patients. The study was approved by the Institutional Review Board.
Clinical Testing
The Expanded Disability Status Scale (EDSS) standardized neurological examination, 25-foot timed walk (25FTW) assessment of gait, nine-hole peg test (9HPT) assessments of bilateral upper extremity function, and paced auditory serial addition test (PASAT) and symbol digit modalities test (SDMT) assessments of cognitive function were performed on the day of the MRI by examiners blinded to imaging results. For analyses, the 25FTW and 9HPT were converted to Z scores according to the following equations from the Multiple Sclerosis Functional Composite (MSFC) 24 
:
Z 25FTW = ð25FTW − 9:5353Þ=11:4058 ð1Þ
Image Acquisition MRI scans were performed with a 3T Trio MRI scanner (Siemens, Erlangen, Germany) using a 32-channel phased-array RF head coil. A previously developed GEPCI protocol 16 with navigation echo 19 was used to acquire 3D multigradient-echo data with flip angle of 30 , repetition time (TR) = 50 msec, voxel size of 1 × 1 × 2 mm attenuated inversion recovery (FLAIR) sequence with voxel size of 1 × 1 × 3 mm 3 was used for outlining WM lesions.
Image Processing and Segmentation
The MRI data were analyzed using the qGRE approach described in a previous study. 15 Details are presented in the Supporting Information. In brief, multichannel data were combined using the GEPCI algorithm 16 and analyzed voxel-wise using the theoretical model of GRE signal relaxation, 26, 27 and a set of postprocessing algorithms that minimize adverse artifacts related to macroscopic magnetic field inhomogeneities 18 and physiological fluctuations. 19 This approach allows generation of images and quantitative maps with several contrasts reflecting biological tissue anatomic, microstructural, and functional properties. In this study we used GEPCI T1W images and qGRE R2t* maps. Importantly, all these images are inherently coregistered. Brain GM and WM segmentation was performed on MPRAGE images using FreeSurfer 5.3.0 (Martinos Center for Biomedical Imaging, MGH/HST, US) with visual inspection of each segmented region of interest (ROI) for accuracy. This resulted in 68 cortical GM and 68 corresponding subcortical WM ROIs (for each ROI, the R2t* and TH in the left and right hemispheres were averaged). A list of ROIs is provided in the Supporting Information. MPRAGE images were coregistered with GEPCI-T1W images (which are intrinsically coregistered with qGRE R2t* maps) using FSL 5.0.0 software (Analysis Group, FMRIB, Oxford, UK). This procedure also coregistered ROIs generated by FreeSurfer to GEPCI-T1W images and R2* maps. To minimize partial volume effects, CSF masks were generated based on the GEPCI T1W images using FSL. Applying regional and CSF masks, median values of R2t* and of cortical GM thickness were calculated for each cortical ROI. 3D MPRAGE data were processed using PropSeg (Spinal Cord Toolbox v. 2.0) 28 to measure the spinal cord CSA. Mean CSA values at the four upper cervical levels were calculated.
Tissue Damage in MS Lesions Based on R2t*
For all subjects, MPRAGE and FLAIR images were registered using FSL and used to obtain WM lesion masks using the "lesion-TOADS" tool 29 in Medical Image Processing, Analysis and Visualization (MIPAV). 30 For each subject, tissue damage within WM MS lesions was quantified in terms of tissue damage load (TDL): a parameter calculated based on the difference between R2t* values of voxel within the lesions and R2t* values of NAWM, similar to a previous R2*-based report 31 (details in the Supporting Information).
Statistical Analysis
Statistical analyses and correlations were performed using MatLab (MathWorks, Natick, MA). Median R2t* values were used to describe each FreeSurfer region in the brain, because R2t* values in most regions were not normally distributed, and also to minimize edge/partial volume effects and spurious values. Age is known to affect R2t* and reduce cortical thickness 32 ; therefore, age-dependent R2t* and cortical thickness values were obtained from the HC cohort of 19 individuals. To account for this effect, the median values of R2t* in each of Free Surfer cortical or subcortical region (n) in the normal HC group were fitted by a linear equation 32 :
where < age > is mean age of HC group. Introducing it in the equation assigns to parameters A n values corresponding to mean age of participants. This procedure allowed calculation of expected reference regional values for any actual patient age. A similar procedure was used for subcortical WM and FreeSurfer-defined cortical thickness. These calculated values were subtracted from the values of individual HC and MS subjects to generate ΔR2t* and ΔThickness.
Spinal cord area was not significantly correlated with age in our data (parameter K = 0 in Eq. [3] ) and no significant difference of spinal cord area between the male and female groups was found. Thus, the mean CSA value of the entire HC cohort was subtracted from each MS subject CSA values to generate ΔCSA. Due to the small number of male patients (Table 1 ), gender differences were not taken into account. For spinal cord, no significant correlation was found between spinal cord CSA and age, height, brain size, and disease duration, so these variables were not considered in subsequent data analyses.
To explore topographic signatures of tissue damage in NAGM, Person's correlation analysis was performed between ΔR2t* of each cortical region (n) and ΔR2t* of the mean global cerebral NAGM for all MS patients (without separation on MS subgroups). Similar analysis was repeated for NAWM and cortical thickness.
To examine the correlation between tissue damage in brain and spinal cord, Pearson's correlation analysis was performed between ΔCSA of C1 and ΔR2t* of each cortical region, ΔCSA of C1 and ΔR2t* of each subcortical WM region, and ΔCSA of C1 and thickness of each cortical region.
To establish relationships between MS-related tissue damage in adjacent subcortical WM and cortical GM regions, we applied linear regression analysis to the 44 MS patients using the following equation for each cortical region defined in FreeSurfer (n):
where MeanR2t* is a mean R2t* measurement for the entire cortical GM or subcortical WM in each MS patient. Equation [4] was applied to establish MS-related tissue damage based on all 44 MS patients without regard to MS subtypes. Correlations of ΔCSA with EDSS, 25FTW, and 9HPT were assessed using Spearman's rank correlation, since these data were not of Gaussian distribution. Parametric data were analyzed using Pearson's correlation. False discovery rate (FDR) with the BenjaminiHochberg procedure was used to correct for multiple testing. After correction, P < 0.05 was considered significant.
Results
Examples of GEPCI T1W images, R2t* maps, and MPRAGE images for one healthy control and one MS patient are shown in Fig. 1 .
The age range and gender ratio was similar for HC and MS patients (demographic and clinical information presented in Table 1 ). As expected, the mean EDSS was less severe for the RRMS patients than the progressive patients (Table 1) .
Topographic Signatures of CNS Tissue Injury in MS
"Visible" tissue damage (lesions in brain WM and the atrophy of the cortex and the cervical spinal cord) and "invisible" tissue damage (reduced R2t* in cortical NAGM and subcortical NAWM of MS patients) were identified and quantified. Group-wise, R2t* of GM readily distinguished HC from MS patients (Fig. 2) . Cortical thickness was not significantly different between HC and MS groups, although trends for reduced thickness were observed in the progressive MS groups (Fig. 2) . Decreased (1.96 SD lower than mean value of HC group) R2t* of NAGM was present in 48% of the MS patients compared to decreased cortical thickness in only 9% of the MS patients. Group comparisons based on R2t* of subcortical WM, WM TDL, and cervical spinal cord CSA (Fig. 3 ) showed significant differences between MS patients and HC. There were no detectable lesions in WM of HC, hence HC TDL = 0. Decreased (1.96 SD lower than mean value of HC group) subcortical WM R2t* was present in 43% of the patients, and decreased CSA was present in 45% of the patients.
Since our measurements in cortical GM and subcortical WM did not show significant differences between MS subtypes, all further analyses were performed for MS patients without separation into MS subgroups. Since there were no significant differences of R2t* and cortical thickness measurement between the left and right hemisphere (see Supporting Information), the values of R2t* and TH in the left and right hemispheres were averaged for corresponding ROIs.
The fitting results for R2t* and Thickness per Eq. [3] are listed in the Supporting Information. Since not all coefficients K n between the ROIs were statistically significant, for further analysis we used the same coefficients K for all ROIs that were determined by fitting global values of R2t* and Thickness. These coefficients were: 0.0303 (GM R2t*), 0.0211 (subcortical WM R2t*), and -0.0052 (GM thickness). These calculated baseline values were subtracted from the values of individual HC and MS subjects to generate ΔR2t* and ΔThickness. The P-values of the correlations between age and global mean R2t* in GM and subcortical WM, and mean cortical thickness were 0.0006, 0.046, 0.003, respectively.
Not all regions of GM and WM were affected equally. To establish patterns of tissue damage between different cortical and subcortical ROIs, we first performed Pearson's correlation analysis of ΔR2t* in each NAGM cortical region (ΔR2t * n ) versus mean NAGM cortical ΔR2t* using data for all 44 MS patients. A similar procedure was performed for cortical thickness and ΔR2t* of subcortical NAWM. Patterns of tissue damage, as determined by r values from correlation analyses, are presented on brain surface maps (Fig. 4) . The patterns of tissue damage were similar for NAGM and subcortical NAWM: tissue damage in parietal and occipital cortices reflected best with mean cortical tissue damage. Cortical thickness showed a different pattern than R2t* measurement; changes in temporal cortices showed the strongest correlation with the mean cortex thickness change. Figures 2-4 show the presence of tissue damage in spinal cord, GM, and WM in MS patients. To test the hypothesis that the strength of tissue damage in different parts of CNS could be interrelated, thus forming MS-related topographic signatures, we ran a correlation analysis between all the quantitative parameters defining MS tissue damage in spinal cord, NAGM, NAWM, and MS lesions. The sizes of spinal cord at C1, C2, C3, and C4 are highly correlated (Supporting Information: Fig. 1A ). Since only one focal MS lesion was noted at the C1 level, CSA of C1 was used to correlate with tissue damage measurement in brain and clinical scores.
Interrelationships Between MS Tissue Injury in Different Topographic Regions
CSA at C1, tissue damage in NAGM and NAWM in the brain, and tissue damage load of lesions in the brain showed multiple interrelationships, irrespective of MS clinical subtype (Table 2) . Reduced R2t* values in global NAGM and subcortical NAWM were significantly correlated with reduced CSA of C1 (Table 2 ). In contrast, no significant correlations between reduced CSA at C1 and reduced R2t* of GM or subcortical WM was seen for HC (P = 0.68 and 0.88, respectively), suggesting that correlations in MS patients are pathology-related. Similarly, MS patients with smaller CSA also had proportionately thinner global cerebral cortices but no significant correlation was found between C1 CSA and thickness of GM for HC (P = 0.52).
In addition to the assessments of relationships between characteristics of the spinal cord and the brain globally . Cortical R2t* performs better than thickness in distinguishing MS patients from HC on both the group and individual levels. At the individual level, decreased (1.96 SD of HC group lower than mean value of HC group) R2t* was present in 48% of MS patients compared to decreased cortical thickness in only 9%. Yellow dashed lines indicate 1.96 SD of HC group lower/higher than mean value of HC group. Boxes represent the interquartile ranges; the horizontal lines within the boxes indicate median values, points are median values of individual patients. ***P < 0.001, **P < 0.01, *P < 0.05. All P values were determined after adjusting for multiple comparisons using the FDR. , and mean CSA (c). Most MS patients showed decreased R2t* in subcortical NAWM and mean spinal cord CSA (averaged spinal cord cross-sectional area from C1 to C4). Yellow dashed lines indicate 1.96 SD of HC group lower/higher than mean value of HC group. Boxes represent the interquartile ranges; the horizontal lines within the boxes indicate median values, points are median values of individual patients. ***P < 0.001, **P < 0.01, *P < 0.05. All P values were determined after adjusting for multiple comparisons using the FDR. (Table 2) , specific cortical regions were also examined (Fig. 5) . Tissue damage characterized by ΔR2t* of middle temporal, inferior temporal, and inferior parietal cortical regions of NAGM showed the most significant correlations with the C1 spinal cord size. For subcortical NAWM, the ΔR2t* of the middle temporal region demonstrated the greatest correlation with CSA at C1. In contrast, and not unexpectedly, among all 34 cortical regions the thickness of the motor cortex was most ΔTh of global NAGM ** r = -0.46 ***P < 0.001, **P < 0.01, *P < 0.05. All the P values presented after correction for multiple comparison via false discovery rate. correlated with C1 spinal cord size (Fig. 5) . Thickness of other cortical regions showed either nonsignificant or weak correlations with C1 CSA (Fig. 5) . Table 2 also shows significant correlations between tissue damage measured by mean R2t* of NAGM and mean R2t* of the subcortical NAWM. To assess the relative severity of tissue damage in adjacent regions of cortical NAGM and subcortical NAWM, linear regression based on all 44 MS patients was performed between a decrease of R2t* in each subcortical NAWM region versus a corresponding cortical NAGM regions (per Eq. [4] in Methods). A slope less than 1 indicates that NAGM R2t* has larger relative reduction than NAWM. With the exception of the inferior temporal cortex, all NAGM regions showed larger relative changes than NAWM (Fig. 6 ).
Relationship Between Clinical Test Performance and Tissue Damage in Brain and Spinal Cord in MS
To evaluate the relationships between tissue damage and MS clinical signs, mean ΔR2t* of NAGM and NAWM, mean cortical ΔTh, spinal cord atrophy (ΔCSA at C1), and TDL in brain WM lesions were each assessed for correlations with clinical test results (EDSS, 25FTW, 9HPT, SDMT, and PASAT) ( Table 3) . Region-wise results are presented in the Supporting Information. ΔCSA at C1 had the most significant correlations with motor-related clinical tests EDSS, 25FTW, and 9HPT (dominant and nondominant hands). Similar correlations with clinical tests were found for C2, C3, and C4 (not shown). Mean ΔR2t* of global cortex showed significant correlation with 9HPT (dominant and nondominant hands) and PASAT. WM Tissue damage load based on R2t* correlated with EDSS, PASAT, and SDMT. In the present 44 patient cohort, gender, age, and MS duration did not correlate with physical impairment scores.
Discussion
In this study we addressed three questions. One was to ask if we could detect "invisible" pathology not recognized by standard clinical MRI (based on "weighted" MRI contrasts) in the CNS of MS patients using a new imaging marker, R2t*. The second related question was to ask whether there existed Tissue integrity in the brain cortical NAGM and subcortical NAWM of MS patients was quantified using the GRE MRI signal decay rate constant, R2t*. This parameter (R2t*) is a quantitative measure that has been shown to correlate with tissue cellular density in normal human brain 32 and was decreased in brain areas in concert with the loss of tissue cellular integrity in Alzheimer's disease. 33 Since previous studies demonstrated reduced R2 values in areas of demyelination in the spinal cord 20 and brain, 12, 22 and reduced total R2* has been noted in areas of WM 31 and cortical demyelination, 23, 34 we expected that a more tissuespecific parameter R2t* would be reduced by demyelination as well. Indeed, in our cohort MS patients had lower R2t* values in both WM and GM as compared with HC participants. We were able to identify regions of "invisible" tissue damage based on comparison of quantitative R2t* measurements in MS and HC participants. The "visible" part of brain tissue damage was also quantitatively assessed in our study by measuring cortical thickness and a quantitative composite measure of WM damage characterizing both WM lesion volume and tissue damage within the lesions: MS lesion TDL. The cervical spinal cord was assessed by measuring upper cervical cord CSA, reductions which predominantly reflect axon loss. Since age affects R2t* and reduces cortical thickness, baseline correction was used to account for age effects. For spinal cord, no significant correlation was found between spinal cord CSA and age, height, gender, brain size, and disease duration in our data.
For the first question, tissue damage of various degrees not apparent on standard MRI was present in most MS patients in most parts of the CNS we examined. Significant atrophy was present in the cervical spinal cord and cortical GM, with the motor cortex and temporal cortex showing the r is the Pearson correlation coefficient, all the P values presented after correction for multiple comparison via false discovery rate. ***P < 0.001, **P < 0.01, *P < 0.05. Normalized GM volume was also measured in our study and a similar trend as in Ref. 35 was found (Supporting Information: Fig. 2A ). Compared with cortical thickness, R2t* measurement readily differentiated MS patients from HC even within our small cohort size. Since more patients showed a significant decrease in R2t* of the NAGM but not in cortical thickness, we suggest that R2t* is more sensitive to tissue injury than cortical atrophy, and has a potential to be used as a sensitive biomarker for MS-related clinical trials.
To answer the second question, correlations between tissue damage in different parts of the CNS were examined. Tissue damage in the cervical spinal cord (assessed by cord atrophy) significantly correlated with tissue damage in the brain cortical NAGM (assessed by cortical atrophy and reduced R2t*), subcortical NAWM (assessed by reduced R2t*), and WM MS lesions (assessed by R2t*-based TDL). Whereas correlations existed between tissue damage in several different parts of the brain and CSA of cervical cord, the strongest and the most significant correlation was found between atrophy of the spinal cord and the thickness of brain motor cortex. This was not surprising, since these two structures are physically and functionally linked, with axons from motor cortical neurons extending through the cervical cord; when a motor neuron dies, its axons degenerate.
Another interrelationship (cortical GM -subcortical WM) was identified by strong correlations between tissue damage in the adjacent regions of cortical GM and subcortical WM. Table 2 shows that decreases of R2t* in cortical NAGM and subcortical NAWM were highly correlated. We further examined the relative severity of tissue damage between NAGM and NAWM. Our measurements show that R2t* changes in GM were relatively bigger in most ROIs than in adjacent WM ROIs, which may suggest that tissue damage is relatively more severe in cortical NAGM compared with subcortical NAWM. This interpretation would be in accord with a previous study that found the percentage of demyelinated area was significantly higher in cerebral cortex than in WM of MS patients. 36 It was also notable that the reduced CSA of the cervical spinal cord significantly correlated with "invisible" tissue damage (assessed by R2t*) in the primary motor cortex, and temporal and inferior parietal cortices. Interestingly, correlations with cord CSA were noted even for regions of cortex, such as occipital, that do not directly link to the spinal cord. Although the biological meaning of these correlations is not obvious, they did not exist in HC, indicating that they are pathology-related. The significant associations between visible and invisible tissue damage in all parts of the CNS further support the concept of MS as a global disease of the CNS.
Certain regions of the CNS are known to be more frequently affected by MS. In particular, these are periventricular areas, juxtacortical white matter, corpus callosum, cortical gray matter, optic nerves, medial longitudinal fasciculus, cerebellar tracts, and the cervical spinal cord 37 . Although the current study did not examine the tissue damage in every region of the CNS, our data still showed tissue damage patterns in the CNS of the 44 MS patients in our cohort. Whether these patterns are generally common to MS patients will need confirmation in larger and different MS patient cohorts. These data are also consistent with recent reports of correlations between spinal cord MRI measurement and retinal layers in MS, 38 and associations between deep gray matter tissue damage and degeneration in cortex and spinal cord. 39 To address the third question, we examined relationships of tissue damage assessed by R2t* and cortical thickness in different parts of the CNS and C1 CSA with neurological function. A composite measure for TDL based on ΔR2t* values in the WM lesions correlated with EDSS, but to a lesser degree than cervical CSA. Of all our imaging measures, the cervical cord CSA correlated best with physical impairment defined by EDSS and 25FTW tests, in accord with several previous studies. 40 Not surprising, no correlation was found in this study between cognitive tests (SDMT and PASAT) and spinal cord cross-sectional size. On the other hand, ΔR2t* values of the entire cortical GM and several specific cortical regions correlated significantly with SDMT and PASAT scores. These correlations with cognitive test results were more widespread and greater than for cortical thickness, indicating that ΔR2t* is more sensitive to tissue damage. The region-wise analysis showed the correlation between GM, subcortical WM R2t*, and 9HPT (dominant and nondominant) were similar. However, subcortical WM R2t* showed stronger correlation with cognitive tests compared with GM R2t*.
Based on these findings we can hypothesize that R2t* alterations might be an early indicator of MS pathology, detectable at a time when atrophy is not apparent. In the future, we plan to create a model incorporating R2t* and other imaging parameters, to explain concurrent physical impairment status with the ultimate goal of predicting the future MS course.
In this study we have not reported tissue-specific R2t* measurements in the upper cervical spinal cord due to technical issues related to low SNR in our data in the spinal cord. RF coils covering both brain and spinal cord would allow simultaneous R2t* mapping in the brain and spinal cord without increased scanning time. Improvement in RF coil design could potentially allow R2t* mapping of small CNS structures (eg, optical nerve) that was not visible with our current design. Generating R2t* maps on the scanner requires computer power that is currently not available from manufacturers and therefore we analyzed data offline. While timing is crucial for diagnostic acute medical conditions (eg, stroke, heart attack, etc.), delays with generating diagnostic images based on R2t* metric can be tolerated for chronic conditions like MS. Future improvement of the time to generate usable results will likely be resolved with the development of more powerful computers and using cloud computing.
In conclusion, we report the novel finding that a quantitative measure of MS tissue damage based on the tissue cellular specific transverse relaxation rate constant, R2t*, can sensitively detect MS-related pathology in cortical NAGM, subcortical NAWM, and WM lesions. The method demonstrated tissue damage patterns in the CNS of the MS cohort. Our data shed light on the interrelationships of damage throughout the brain and cervical spinal cord, while supporting the idea of MS as a global CNS disease. Our results showed that, while spinal cord CSA is a reliable marker for changes in motor functions, the reduction in the R2t* of GM and WM is a reliable indicator of cognitive dysfunction.
